Abstract-In this brief, data-rate assignment in IS-856 uplink (reverse link) is studied. The problem is first formulated using an interference model, and then a dynamic control strategy is developed for efficient rate assignment. In the first step, the controller is designed for the special case when the number of users in the network is fixed. Then, the designed controller is further developed for a dynamic network (where the number of users is subject to change) to achieve the desired performance. To this end, the network is formulated in the framework of switched systems, where any new activation or deactivation of users is considered as switching from one system to another. The controllers obtained are then modified properly to retain network stability and performance in the presence of time-delay. Simulation results are presented to elucidate the effectiveness of the proposed approach.
I. INTRODUCTION
C DMA2000 1xEVDO or IS-856 is an enhanced third generation (3G) wireless network. The system is designed to cope with the growing demand for high-speed wireless service at low cost [1] , [2] , [5] , [14] . The highest data rate for IS-856 is 2.46 Mbps on downlink and 153.6 kbps on uplink (the highest rates of EVDO Revision A are 3.1 and 1.8 Mbps on downlink and uplink, respectively). These distinct ranges of transmission rate are suitable for the majority of asymmetric network applications, where disjoint bandwidths are required for transmitting and receiving data (with a higher rate assigned to the downlink channel). However, the new multimedia applications such as interactive wireless gaming, video telephony (VT), camera phones, etc. are symmetric. Therefore, it is essential to use the resources in IS-856 uplink more efficiently [1] , [2] , [5] , [6] , [8] .
Interference in IS-856 uplink is an important problem which is caused by the spectral overlap, and needs to be taken into consideration in performance analysis. Practically, in CDMA systems any user that transmits data to the base station is, in fact, a source of interference. This issue is of great importance because in such networks users transmit data at the same time over a prescribed spectrum in a common medium [3] , [4] . A reference value for the interference magnitude can be defined based on the ideal expectations. There will be performance implications if the interference increases above this reference level [4] . On the other hand, if the interference level decreases below this level, the problem of under-utilization of the network resources is encountered. The effect of interference in this type of network is often compensated by applying a proper control strategy. To this end, a signal is transmitted from the base station to the users to report the status of the network in terms of interference level. In other words, the base station broadcasts a common signal to all users based on its measurement of network interference, and users adjust their rates accordingly. This is a single-bit signal which is called the reverse activity bit (RAB). Note that it is normally desirable to assign as many bits as possible for data, and as few bits as possible for reporting network status.
A simple state transition mechanism is implemented in IS-856 Revision 0 standard to properly adjust user rates [2] , [1] , [13] . In the corresponding algorithm, each user sets its transmission rate locally by monitoring a common single-bit and acting upon it, accordingly. Due to its performance deficiency, this process is replaced by a token bucket scheme in EVDO Revision A [5] , [2] . A number of papers have used these rate control mechanisms and have performed rate assignment among the access terminals (ATs) to achieve fairness and to maximize a performance metric. In [5] - [7] , the rate assignment is formulated as a utility maximization problem using a framework analogous to the one presented in [11] , [12] , [19] , [20] , and the fairness and stability issues are studied. The mechanism proposed in [5] , [6] uses the rate control of IS-856 (EVDO Revision 0); the desired rate assignment is subsequently derived in order to maximize the utility function and offer fairness. On the other hand, [7] uses the rate control of EVDO Revision A to address the utility maximization and fairness problems.
The rate allocation problem in the above-mentioned papers is studied in the context of auctioning algorithms subject to existing constraints in the physical system in order to fairly allocate the available resources to all users. In particular, a resource allocation algorithm is proposed in [6] , and its long-term and short-term fairness is verified with respect to the interference power constraint. In [8] , a distributed framework is introduced to tackle the underlying problem using a control theoretic view. Transmission of the RAB from the base station to the users is incorporated in the forward path of the closed-loop model, and a simple compensator is designed for the network to achieve output regulation. A dynamic control strategy is introduced in [16] which outperforms the simple controller of [8] . However, the signaling between the base station and users in [16] is not minimal. Furthermore, the effect of delay in the control loop is not taken into account in the stability analysis of [16] . These 1063-6536/$26.00 © 2012 IEEE shortcomings are addressed to some extent in [18] , by using a more accurate model for the network.
In this brief, an adaptive rate control strategy is developed for IS-856 and stability analysis is performed using the Lyapunov technique. Since the number of active users in the network varies by time, the new activation and deactivation of users in the network is formulated in the framework of switched systems [9] . Some conditions on the controller parameters and the speed of new activations/deactivations in the network are derived to guarantee the stability and boundedness of the system state. Furthermore, upper bounds are obtained for the rate regulation error of the network. A proper fairness strategy is also provided to better (and more efficiently) meet customers' demand.
The plan of this brief is as follows. In Section II, IS-856 uplink is modeled, and the control structure is introduced. The new rate control strategy is presented in detail in Section III. The stability of the system is also studied in this section and an upper bound on the output error is derived. Simulations are provided in Section IV to demonstrate the efficacy of the results. Finally, concluding remarks are summarized in Section V.
II. INTERFERENCE MODEL FOR IS-856 UPLINK
Access terminals (AT) are the mobile components of a wireless communication network that provide data to users. The access network (AN), on the other hand, is the fixed element of the network (mainly base station) which provides data to ATs. A CDMA channel along with the corresponding covered area is called a sector [2] , [5] . Let the number of ATs available in a sector of an IS-856 network be denoted by , and assume that all of these ATs are full-buffered. Assume also that the base station receives the same pilot power from all ATs [5] , [6] , [8] ; this strategy is often called perfect power control and has been studied in a number of papers (e.g., see [15] ). ATs transmit data with a rate , where is the set of all feasible rates (as a known standard set) [13] . Let (traffic to pilot ratio) denote the ratio of the total data power to the pilot power for the th AT; this ratio also belongs to a given feasible set . Define a one-to-one mapping from the feasible rate set to the feasible set as shown by solid dots in Fig. 1 , and denote it as [2] (1)
The total traffic power of the th AT is then given by (2) where denotes the pilot power of the th AT. Let represent the total background thermal noise, which is assumed to be Gaussian. The raise over thermal (ROT) in the base station at any time instant is defined as [5] , [14] (3) where is the out-sector interference originated from the ATs that are not in soft hand-off with the base station. Furthermore, is the total in-sector interference which is given by (4) where is the received pilot power from each AT at the AN, in the case of perfect power control, i.e., . On the one hand, the existence of strong interference in the network results in high ROT, which has performance implications. On the other hand, weak interference in the network leads to low ROT, which can be interpreted as under-utilization of the network resources. Therefore, it is desired to keep the ROT close to a prescribed threshold denoted by . By substituting in (4) with (1) and assuming (for simplicity) that the out-sector interference in (3) is negligible compared to for all , one can conclude that the term (which is a measure of the feedback signal from ATs to the AN) should be regulated to a reference value given by (5) The feedback signal received by the AN is compared to the reference given above, and the error signal (6) is produced. This error signal then passes through a two-level comparator, generating a signal called the reverse activity bit (RAB) [2] . This process can be formulated as This means that if the total power of all ATs is less than the desired value, then ; otherwise, . The objective is to design a set of controllers to regulate the rate of ATs such that reaches the desired level in a reasonably short period of time. The closed-loop network configuration is shown in Fig. 2 as a feedback control system.
Remark 1: Note that the output of the controller can take any real value. However, according to the mapping shown in Fig. 1 , the domain of this mapping (i.e., the set of allowable values of its input) is limited to the finite set . In order to overcome this problem, a new mapping is introduced whose domain is all positive real values between 0 and 500 kbps. This mapping is obtained by considering a piecewise constant , where each discontinuity is centered at a point between two feasible rates in the set . The mapping is also shown in Fig. 1 , and is, in fact, a nonuniform quantizer.
III. MAIN RESULTS

A. Controller Design for a Fixed Number of Users
Assume that (the number of ATs in the network) is constant. To distinguish between this case and the general case of varying number of users, here this fixed number is denoted by . Now, the objective is to design a set of controllers for ATs (as shown in Fig. 2 ) to regulate the output using the RAB signal . Consider a controller with the state vector for the th AT, . Let the controller structure be (8) where and are expressed as
and is defined in (7) . Furthermore, the coefficient in (9) is strictly positive. It is to be noted that the actual rates of each AT will later be calculated based on this model. Note also that the stability of the network depends directly on the state vector , as shown in the sequel. Define the new state vector as follows: (11) where is defined by (12) The nonlinear closed-loop model (8) can now be expressed in the new coordinates as (13) where and are given by
Since is not a continuous signal and takes the values or , function expressed by (13) can be modeled as a switched system as follows: (16) where (17) The vectors and are defined as (18) It can be shown that the origin is the equilibrium point for both subsystems in (16) . Since the sign change of is not known a priori, (16) is considered as a switched system with an arbitrary switching signal .
Remark 2: It is to be noted that (16) is a state-dependent switched system. This means that the switching signal in (17) is a function of the state, and hence an implicit function of time.
Theorem 1: The state trajectories of the switched system (16) are globally exponentially stable in the sense of Lyapunov.
Proof: Define
To carry out the stability analysis, choose the Lyapunov function candidate as (20) First, it is assumed that and the stability analysis is performed for the first subsystem. The derivative of the Lyapunov function (20) along the state trajectory of the system (16) with is
This can be further simplified as
It can be concluded from (22) that (23) which guarantees the exponential stability of the first subsystem (note that is strictly positive) [17] . A similar result is obtained for the second subsystem by using the same Lyapunov function as the previous case. The exponential stability of the switched system (16) follows from the fact that both subsystems have the same equilibrium point and a common Lyapunov function. Remark 3: The stability of system (8) follows directly from that of system (16) , and hence the state of system (8) converges exponentially to .
In order to achieve exact tracking, the trajectory of , should be such that , for all . Therefore, should be defined in such a way that . Similarly to (6) , define the tracking error as
Since is a finite set consisting of only feasible ratios, it is not always possible to find a value for in the set , for which is exactly equal to . In order to overcome this hurdle, the probabilistic dynamic rate selection method of [6] is adopted here. If the output of the controller of the th AT is between the two feasible rates and (i.e., ), then this AT transmits data at the rate , with the probability given by (25) or at the feasible rate , with the probability given below (26) where the function is a th order approximation of the mapping from the feasible rates to feasible . Remark 4: The total in-sector interference (4) is calculated for the case of perfect power control, i.e.,
. However, perfect power control is not achieved in practice. A more realistic model can be obtained by considering the deviation of pilot power from the desired value. This is carried out by incorporating the pilot power regulation error as follows: (27) where the relative deviation of the pilot power is bounded by a fixed value , i.e.,
The total error signal generated at the AN is (29) [note that the RAB is calculated based on (29)]. The error bound can then be obtained as (30) Now, using Theorem 1 it can be concluded that the system is stable and the error in (29) converges to zero. Considering (30), this means that the steady-state output error is bounded as follows:
Note that in the case of perfect power control, converges to .
B. Controller Design for an Unknown Fixed Number of Users in the Presence of Time-Delay
It is desired now to extend the results obtained in the previous subsection to the case of an unknown number of users. This means that the equilibrium point should be replaced by a nominal state which reflects the effect of network load produced by all ATs. Hence, this nominal trajectory should be defined based only on the common single-bit signal (7) received from the AN. This can be achieved by considering the equilibrium trajectory as a proper function of , say , which corresponds to the perfect regulation of ROT.
It is also desired to investigate the impact of processing delay on stability, and take it into account in the controller design. Let the time-delay in the forward path be denoted by . In other words, the AN transmits the signal to ATs, but they receive it at . In terms of control operation, the input to the system in this case is . 
for all .
Like the previous subsection, (38) can be modeled in the framework of switched systems. To this end, suppose that the switching happens at , where . Then the resultant system can be described by (41) Similar to (18) , define the family of matrices as
where and and is given by
The above equation can be written as follows:
where is a constant coefficient for subsystem , which is defined as
It can be deduced from (44) that is a right continuous function with a continuous derivative. Also, one can conclude from (43) that is bounded too; more precisely, . The following theorem provides a sufficient condition for the stability of system (41).
Theorem 2: Let the coefficient in (9) be greater than . Then the state trajectories of system (41) are globally exponentially convergent to the ball , where is given by
Proof: Define similar to (19) , and choose the same Lyapunov function as (20) . Differentiating (20) along the state trajectory of system (41) for yields
Note that Therefore, the derivative of the Lyapunov function in (47) can be written as follows: (48) Since , hence (48) holds for all . Thus, it results from Lyapunov's theorem that the system is exponentially convergent to the ball , where is given by (46) [10] . This completes the proof.
The following corollary provides an upper bound for each state variable and also for the overall performance of the system.
Corollary 1:
The maximum bound on in steady state is given by (49)
In addition, the bound on the absolute sum of error magnitudes in steady state is (50)
Proof: The system (41) is stable if the derivative of the Lyapunov function given by (48) is negative. To find the region of attraction, one can find the trajectories , and for which the following condition holds:
In this region of attraction, the maximum error magnitude for the th AT results when , for all , and , for all , i.e., . To find an upper bound on the overall performance , set , for all . Then, using (48) and (51) 
C. Stability Analysis for Varying Number of Users
Assume now that , the number of active ATs in the network, is subject to change. Assume also that this number changes at , where . This implies that the number of active ATs at and are different. To maintain the output balance, the th AT adjusts the parameter continuously according to the number of active ATs available in the sector, and the reference signal . To model changes in the number of users, (41) will now be reformulated as an impulsive switched system [10] , in such a way that any new activation or deactivation is modeled as a jump from one subsystem to another. One can write In the above representation, for the case of activation, and is set by the AN. For the case of deactivation, on the other hand, is equal to zero and is the last value obtained from (35), immediately before deactivation.
The objective now is to find a time interval for ATs, within which the network output is guaranteed to settle in a reasonably close neighborhood of the equilibrium trajectory, when a certain number of switchings (instants of activation/deactivation of users) occur. Now, it is desired that the Lyapunov function becomes smaller than a given strictly positive scalar after an arbitrary number of switchings, denoted by , and remains less than that as time increases. This provides a measure of network performance, as the maximum error in the system output is directly dependent on the value of .
Theorem 3: Denote the maximum value of with , and suppose that . Let also a strictly positive value and a natural number be given. Then, the time it takes for the Lyapunov function to reduce to after the th change in the number of activation/deactivation, does not exceed a finite value given below (56) where is defined as (57) and is the maximum value of over time. . This completes the proof.
Remark 6: Theorem 2 implies that the system exponentially converges to a neighborhood of the desired rates in the presence of time-delay, in the case when the information about the number of active ATs is not available to every AT. Theorem 3, on the other hand, states that if there is a minimum time between the consecutive activations/deactivations of the ATs in the network, then the users' rates can be adjusted to a proper neighborhood of the desired values. The size of this neighborhood depends on the parameter of the controller.
Remark 7: Without loss of generality, assume that the initial condition of all state variables of the system is zero. It follows immediately from Theorem 3 [by substituting in (56)] that if no new activation or deactivation occurs in the network for a time interval given by (61) then the Lyapunov function decays down to the prescribed value , and stays smaller than that as time increases (this is only a sufficient condition for the desirable decrease in the size of the Lyapunov function, which is closely related to the output performance).
D. Equilibrium Trajectory Adjustment: Long-Term Fairness Strategy
Consider a long-term fairness strategy, under which the subscription fee varies by the assigned rate. In other words, the users can receive a higher data rate within the allowable range if they choose to pay a higher access fee.
To formulate fairness in rate assignment, an appropriately weighted function of the RAB [instead of a simple integral associated with (35) and (37)] is used in the regulation problem. For example, one can use different weighting and bias coefficients for different customers, and introduce the new functions and as follows:
where and are positive constants with known upper bounds described by and , for all (the constants and depend on the number of users and the allowable deviation between different users' assigned rates). The minimum guaranteed rate for each AT can be set by the bias coefficient . The weighting coefficient can then be adjusted in accordance with the subscription contract of the corresponding user. It can be shown that defined in (43) is bounded by . The (36) is then rewritten using (62) and (63). For the case of fixed number of ATs, using an approach similar to the one in Theorem 2 and employing the same Lyapunov function as in (20) , it can be concluded that the system is globally exponentially convergent to the ball if , where is given by (64) Furthermore, the maximum bound on the magnitude of in steady state is (65) The above results are derived for the case of fixed number of users. In order to find stability conditions for the network in the case when the number of users is subject to change, one can take an approach similar to the one in Theorem 3. It follows that the maximum time it takes for the Lyapunov function to reduce to after the th change in the number of activations/ deactivations does not exceed a finite value given below (66) where is defined as (67) and is the maximum value of . 
Remark 8:
The results obtained show that choosing a large value for the control parameter would be advantageous in terms of the minimum required time for consecutive activations/deactivations [as can be seen from (56), (61), and (66)], and also in terms of convergence time [as can be seen from (23) and (48)]. However, a large can have implications in terms of the implementation of the system in practice. A large would increase the control bandwidth, which in turn increases its sensitivity to noise. This introduces a tradeoff in the choice of the coefficient in the control law.
IV. SIMULATION RESULTS
In this section, a simulation scenario is considered where multiple ATs are available in a single cell. The reference is set to 171.23, which corresponds to the system capacity of 600 kbps [1] . The simulation is repeated for two different values of to demonstrate the effect of this parameter on the system response.
Let the initial number of users in the cell be . Since the number of users changes at different points in time due to the new activations/deactivations, hence active ATs adjust their control parameters continuously. In the simulations provided in this section is set to 1, which results in 500 ms for and 50 ms for (these are realistic values in practice). Furthermore, the delay in the network structure is assumed to be constant and equal to 13.36 ms, which is equivalent to 8 time slots [1] . In addition, let the instants (in seconds) at which the number of active users changes be 10, 15, 20, 25, 40, 50, 65, 80, 85, 90, 95, 100. It is to be noted that in all simulations the exact mapping is used to find the network output. Assume that the number of users is unknown to ATs, and let the probabilistic rate selection method be used. Fig. 3(a) depicts the network output along with its Fig. 4 . Output resulted from using dynamic probability rate allocation method for (a) an AT with the fairness parameters given by (68) and (b) an AT with the fairness parameters given by (69).
moving average (dashed curve) for . In Fig. 3(b) , analogous results are shown for . The number of active users in the network is drawn versus time in Fig. 3 (c) (this figure is used in all simulations). Note that the smallest time interval between two consecutive changes in the number of users in this example is 5 s, which is greater than 500 ms introduced in Remark 7. Thus, it is guaranteed that the desired performance (in terms of the final magnitude of the Lyapunov function) will be achieved. Note that since the limit on the corresponding time interval is only a sufficient condition, the network may still perform desirably for a more frequent change of active users.
A simulation scenario is also considered, in which the parameters of two of the ATs are set to (68) while the fairness parameters of all other ATs are (69) for . Let the output of the th AT be denoted by . In this case, the output of an always-active AT, say the first one, is depicted in Fig. 4(a) , while the output of the third AT is depicted in Fig. 4(b) . The number of active users in the network at different times is the same as Fig. 3(c) . From this figure, one can compare the effect of network load as well as the activation and deactivation of users on the output. The first and second ATs which have large 's and small 's associated with the fairness function have higher transmission rates compared to other users. Moreover, the sensitivity of these two users to the network load is less than that of the other users, as it can be seen at the instants of change of the number of active users.
V. CONCLUSION
A new control theoretic approach to rate assignment in IS-856 uplink is proposed. The problem is formulated first, and a control scheme is subsequently developed for efficient rate assignment in this type of system. The proposed control law is, in fact, nonlinear and time-varying. Furthermore, since in a practical environment the number of users is subject to change at distinct time instants, the underlying problem is presented in the framework of switched systems, and sufficient conditions for the stability of the system under the proposed controller are derived. A novel technique is also introduced to find an upper bound on the magnitude of the error in the network in the presence of processing delay. A proper fairness strategy is finally provided for the priority assignment of customers. Simulation results show the effectiveness of the proposed control scheme in the desired rate assignment of IS-856 uplink.
